We review a unique prediction of Quantum Chromo Dynamics, called color transparency (CT), where the final (and/or initial) state interactions of hadrons with the nuclear medium must vanish for exclusive processes at high momentum transfers. We retrace the progress of our understanding of this phenomenon, which began with the discovery of the J/ψ meson, followed by the discovery of high energy CT phenomena, the recent developments in the investigations of the onset of CT at intermediate energies and the directions for future studies.
Introduction
One of the distinctive properties of Quantum Chromo Dynamics (QCD) is the suppression of the interaction between small size color singlet wave packets and hadrons. It plays a key role in ensuring approximate Bjorken scaling in deep inelastic scattering, in proving QCD factorization theorems for high energy hard exclusive processes, and in the search for QCD related phenomena in nuclei. Moreover, it leads to a number of phenomena in the hard coherent/quasi-elastic interactions with nuclei at high energies that are dubbed as color transparency (CT). The phenomenon of CT refers to the cancellation of the QCD color fields for physically small singlet systems of quarks and gluons, which leads to the vanishing of the final (and/or initial) state interactions of hadrons with the nuclear medium in exclusive processes at high momentum transfers. The simplest model in which this phenomenon is present is the Low-Nussinov two-gluon exchange model [1, 2] . At intermediate energies CT phenomenon provides a unique probe of the space-time evolution of wave packets, which are relevant for the interpretation of the data from relativistic heavy ion collisions. For example interpretation of the baryon to pion ratio as a function of the transverse momentum, p t , depends on whether a baryon can traverse a large distance while in a small size configuration as suggested in Ref. [3] , and fluctuations of the nucleon to small and large size configurations lead to significant deviations from the Glauber picture in proton (nucleus) -nucleus collisions [4] . In addition, the CT phenomenon is also a probe of the minimal small size components in the hadron's wave function. We review the phenomenon of CT, the conditions necessary for it to occur, theoretical and experimental progress made over the last few decades and the future outlook.
The story of CT goes back to the discovery of the J/ψ meson. It was impossible to explain within the concepts of the pre-QCD theory of strong interactions why the decay width of J/ψ is very narrow, and why the photoproduction cross section is so small. It was argued as early as the fall of 1974 [5] that the radius of a system consisting of heavy quarks should be significantly smaller than the one given by the radius of pion emission. This was in contrast to the widely accepted idea at that time, due to Fermi, that the radius of a hadron is determined by the pion cloud and therefore should be approximately universal. More generally it was argued that all matrix elements involving color neutral heavy quark systems should be suppressed, leading to a strong reduction of the cross section of J/ψ-nucleon interaction (∝ 1/M 2 J/ψ ) and "an unusual conclusion that the nucleon becomes transparent to hadrons built of heavy quarks" [5] . This was a clear break with the strong interaction picture with one soft scale, which was common before the discovery of the J/ψ. A perturbative model for the interaction of hadrons via two-gluon exchange was applied to J/ψ − N interaction by Gunion and Soper [6] who demonstrated that within their model, the reduction of the J/ψ − N interaction is related to the small spacial size of the J/ψ meson. Arguments that the suppression should also be present in the non-perturbative domain, were given in [7] , where it was argued that reduced J/ψ(ψ )-nucleon cross section extracted from the photoproduction measurements using the vector dominance model significantly underestimates the genuine J/ψ − N and especially ψ − N cross section.
An independent development was the discussion of the hard exclusive processes at large fourmomentum transfer squared (Q 2 ) such as the ones used to measure the nucleon form factors and large angle hadron-hadron scattering in the high Q 2 limit. A. Mueller [8] suggested the use of exclusive processes off nuclei, namely large angle reaction pA → pp(A − 1) to discriminate between the two mechanisms of elastic pp scattering: Brodsky-Farrar mechanism of interaction in small size configurations governed by hard gluon exchanges which leads to the cross section at large c.m. angles scaling with energy according to a power law with the exponent given by the number of constituents involved in the reaction [9, 10] and the Landshoff mechanism of the three-gluon exchange in t-channel with the Sudakov form factor suppression [11] . While S. Brodsky [12] made a prediction that the cross section of the πA → πp(A − 1) process should be proportional to the number of protons in the target, a debate ensued, whether the minimal Fock space components highly localized in space, give the dominant contribution in the kinematic range studied experimentally, or, the process is dominated by the end point contributions corresponding to quark-gluon configurations of average size (for a review see [13] ). The interplay between these two mechanisms was explored recently for the case of nucleon electromagnetic form factors [14] , where it was argued that in the intermediate range of Q 2 ∼ 5 − 15 GeV 2 , the soft rescattering contribution is characterized by a semi-hard scale QΛ, where Λ ≈ 0.7 GeV. In such a scenario, one would expect a delayed onset of CT. It was also pointed out that if these processes as well as quasi-elastic electron-nucleus scattering are studied in the kinematics, where at least one hadron in the final state has relatively small momentum, the space-time evolution of the quark-gluon wave packets involved in the collision must be taken into account, which greatly reduces the CT effects [15] .
This called for finding high-energy processes, which are dominated by the interaction of hadrons in small size configurations that could be legitimately calculated in perturbative QCD (pQCD) and are not affected by the space-time evolution of the small wave packets. A key observation was that, due to the possibility of treating these configurations as frozen during the collision process, one can introduce a notion of the cross section of a small dipole configuration (say qq) of transverse size d, scattering off a nucleon [16, 17] . In the leading log approximation, this cross section is given by [18] 
where Q 2 ef f = λ/d 2 , λ = 4 -10, x = Q 2 ef f /s, with s the invariant energy of the dipole-nucleon system, S is the sea-quark distribution for quarks making up the dipole and G is its counterpart for gluons. The value of λ was estimated from matching the dipole description with the leading log description of σ L (x, Q 2 ) [19] . In contrast to the previous estimates, this also includes contributions from quark exchanges, which is important for the interactions at intermediate energies. Note that Eq. 1 predicts a rapid increase of the dipole-hadron cross section with increasing energy, due to the rapid growth of xG N (x, Q 2 ) at small x. For example for Q 2 scale of ∼ 3 GeV 2 (40 GeV 2 ) typical for the J/ψ (Υ) photoproduction this leads to the cross section growing as s 0.4 (s 0.8 ). This is qualitatively different from the expectation of the two-gluon exchange model [6] , where the cross section does not depend on the incident energy.
First, we consider the simple case of high energy CT, where only two conditions are required: dominance of small size configurations and weakness of the− N interaction. Next we will consider a more complicated case of CT in the intermediate energy regime, where it is masked, to a large extent, by the expansion effects. New methods for the study of CT effects as well as future perspectives of the experimental studies are discussed in the third and final sections of the review.
between the small transverse size configuration and the nucleon is strongly suppressed, as the gluon emission amplitudes arising from different quarks cancel. This suppression of the interaction is one of the essential ingredients needed to account for Bjorken scaling in deep-inelastic scattering (DIS) at small x ≤ 10 −2 where longitudinal distances essential in γ * − N scattering, ∼ 1/(2m N x), significantly exceeds the nucleon size [20] . Thus the discovery of Bjorken scaling in DIS can be considered as the first indirect evidence for CT at high energies.
To directly observe high energy CT, one needs to find a process, which selects small transverse size configurations in the projectile. One idea is to select a special final state, such as, diffraction of a pion into two high transverse momentum jets. Qualitatively, one expects in this case the transverse size to be d ∼ 1/p t (jet), where p t is the momentum component transverse to the direction of the jet. Another idea is to select a small initial state, such as, diffraction of a longitudinally polarized virtual photon into a meson. In this case, the transverse separation, d, between q andq in the wave function of γ * L decreases as d ∝ 1/Q. The pQCD results for these processes were first derived in [16, 21] , with the proofs of the QCD factorization given for di-jet production [18] and for meson production [22] (where in addition to production of vector mesons, a general case of meson production: γ * L + N → "meson system" + "baryon system" was considered).
Accordingly, the phenomenon of high energy CT can be formulated in the form of a factorization theorem -namely that the amplitude of the exclusive hard process "hard probe"+ target → "hadron" + "f inal state of the target", which is dominated by the contribution of the small size configurations can be written as a convolution of three factors: (1) the wave function of the small size configuration produced by the hard probe, (2) the matrix element of the hard interaction and (3) the generalized parton distribution (GPD) in the target f (x 1 , x 2 , t, Q 2 ), which describes the transition of the target from the initial state i to the final hadronic state when partons with light-cone fractions x 1 and x 2 are exchanged with the hard block, H, and the final state f of fixed mass and fixed t = (p i − p f ) 2 is produced (see sketch in Fig. 1 ). The CT in this case ensures that additional exchanges of partons between the upper and lower blocks are suppressed by powers of Q 2 . The nucleus GPD could enter in the diagonal regime -coherent scattering, in the nucleus break up kinematics or if a less restrictive condition m f − m A ≤ const is imposed. It is worth emphasizing here that the use of a hard probe does not automatically guarantee the validity of the factorization theorem. For example in the case of the exclusive production of mesons, factorization has so far only been proven for the case of longitudinally polarized photons [22] , while for the transverse photons, only the suppression of the Sudakov form factor of the unfactorized component is demonstrated [23] . Figure 2 shows one of the dominant QCD diagrams for the coherent pion diffractive dissociation. The space-time picture of the process is as follows -long before the target, the pion fluctuates intoconfiguration with transverse separation d, which elastically scatters off the target with an amplitude, which for t = 0 is given by Eq.(1) (up to small corrections due to different off shellness of thepair in the initial and final states), followed by the transformation of the pair into two jets. A slightly simplified final answer is
Pion dissociation into two jets
where z is the light-cone fraction of the pion momentum carried by a quark. The normalization ψ where f π = 92 MeV is the pion decay constant.
Note here that the presence of point-like configurations in the pion wave function is confirmed by the model independent analysis of the transverse pion charge density [25] , ρ π (b) which shows a sharp peak at b ∼ 0 which appears to originate from the small sizeconfigurations (see Figure 3) .
The Fermilab experiment E791 [29] measured the diffractive dissociation into di-jets of 500 GeV π − beam that coherently scattered from carbon and platinum targets. Diffractive di-jets were identified through the e −bq 2 t dependence of their yield, where q 2 t is the square of the transverse momentum transferred to the nucleus and b =
, where R is the nuclear radius. Figure 4 shows the q 2 t distributions of di-jet events from platinum and carbon. The events in the low-q 2 t region are dominated by diffractive dissociation of the pion. The data are fit to sums of q 2 t distributions of di-jet events produced coherently 1 and incoherently from nuclear targets, and the background. The shapes of these distributions are calculated using Monte Carlo simulations as shown in Fig. 4 for transverse momentum, 1.5 ≤ k t ≤ 2.0 GeV. The per-nucleon cross section for di-jet production is parametrized as σ = σ 0 A α , where σ 0 is the free cross section. The values of the exponent α obtained from the experiment E791 are shown in Figure 5 along with the CT predictions of [16] . This is to be compared with the value of α ∼ 2/3 measured in the reaction πA → 3πA [26] . Note here that the inelastic coherent soft diffraction off nuclei: h + A → XA 1 Presence of the break up channel modifies the factor before the first exponential from A 2 to (A − 1)A.
Figure 3: (Color online) Three-dimensional rendering of the transverse charge density in the pion based on the analysis of [25] .
is due to the fluctuations of the strength of hadron-nucleon interaction, (σ tot ), and is dominated by the fluctuations near the average value [27] . The exponent α for the soft diffraction drops when A and/or σ tot increases. It was suggested [28] that inelastic diffraction is dominated by scattering off the small size configuration. This regime however is reached only for A 1000 [27] . At the lowest k t range, there is some discrepancy between the experiment and theory, which may be interpreted as a manifestation of nonperturbative effects.
Overall, these results confirm the following CT predictions of [16] : a) a strong increase of the π + A → "two jets" + A cross section with A (σ ∝ A 1.61±0.08 ) as compared to the prediction 2 σ ∝ A 1.54 , b) the z 2 (1 − z) 2 dependence of the cross section, where z is the fraction of energy carried by the jet, and c) the dependence of the cross section on the transverse momentum of each jet with respect to the beam axis (k t ) behaves as dσ/d 2 k
This scaling behavior is observed at relatively modest k t ≥ 1.5 GeV indicating an early onset of the scaling. This maybe due to the presence of the plane wave factor in the final state rather than the vector meson wave function like in the case of the vector meson production discussed in the following subsection. Note that the CT prediction for the A-dependence was a factor of seven different from the A-dependence for the soft diffraction. The observed pattern is qualitatively different from the expectations of [31] that the cross section should be ∝ A 1/3 and fall exponentially with k t .
In an update to the original analysis [30] , a fit to the z distribution of the di-jet production cross section using Gegenbauer polynomials for different ranges of k t was reported. For 1.25 ≤ k t ≤ 1.5 GeV, higher order polynomials appear to be important. Since, CT is observed for this k t range, this indicates that "squeezing" or the preferential selection of the small transverse size configurations in the projectile occurs already before the leading term (1 − z)z dominates. Therefore, it can be claimed that color transparency is unambiguously observed in the diffractive dissociation of 500 GeV pions into di-jets when coherently scattering from carbon and platinum targets. The Fermilab E791 di-jet yield from carbon and platinum as a function of the square of the transverse momentum transferred to the nucleus (from [29] ). The yields shown are for 1.5 ≤ k t ≤ 2.0 GeV. The curves are Monte Carlo simulations of the data: dotted line shows coherent dissociation, the dashed show incoherent dissociation, the background is shown by the dot-dashed line and the total by the solid line.
The amplitudes of the processes π + A → "two jets + A were also considered in Ref. [32, 33] . The authors evaluated amplitudes of the processes where the projectile pion was substituted by the noninteractingpair. This approximation changes the kinematics of the process, in particular it changes energy-momentum conservation. Authors of Ref. [33] found that this amplitude has a singularity in the physical domain of the process+ A → 2jet + A and stated that as a result of this singularity color transparency phenomenon should be weakened. We want to emphasize that this singularity is absent in the amplitude of a physical process initiated by the projectile pion. Such a singularity contradicts the Landau rules for the evaluation of singularities of matrix elements of the S matrix of physical processes. Thus direct comparison of results obtained in Ref. [32, 33] with the calculations of Ref. [16] and data are not possible. Note however that results obtained in Ref. [33] in the leading log approximation agree with the result of Ref. [16] . Another technical feature of Ref. [32, 33] is that the distortion of kinematics described above requires also a distortion of gauge identities. To elaborate the role of these distortions of kinematics and gauge conditions the amplitude of a process π + γ → "two jets , where calculations are more simple, was considered in Ref. [34] . The use of the gauge invariance in QED allows an unambiguous representation of the matrix element using the pion light-cone wave function [34] , leading to a result different from that in Ref. [35] where the same approximations as in Ref. [32, 33] were made.
Photoproduction of J/ψ
The A dependence of J/ψ production by real photons in the energy range of 80 − 190 GeV was studied on H, Be, Fe, and Pb targets at Fermilab [36] . At these energies the leading twist gluon shadowing is still negligible, the coherence length is already large enough so the process proceeds in three stages: γ converts into cc pair before the target, with the size of the cc smaller than the average J/ψ size (for large charm mass, m c , the wave function of J/ψ in the origin enters, see e.g. [21] ), the cc pair propagates through the target with little expansion and converts to J/ψ outside the target. Accordingly, for these energies eikonal (higher twist) rescattering is expected to be small while the leading twist gluon shadowing is still negligible since x ef f = M 2 J/ψ /W 2 ∼ 0.05. Consequently, one expects proximity to the CT regime, which corresponds to the cross section of the sum of coherent and quasielastic process equal to
Here F A (t) is the nuclear form factor, F A (t) ≈ exp(R 2 A t/6). In the analysis of the experimental data, the contribution to the cross section proportional to F 2 A (t) was studied and its integral over t was presented [36] . With complete color transparency the differential cross section for a nuclear target of radius R A will be of the form,
where dσ N is the cross section for the nucleon target and corrections ∝ 1/A are neglected. From this, one can obtain the total cross section as
The measured cross section can be parametrized as σ A = σ 1 A α , where σ 1 is a constant independent of A. One expects α = 4/3 and the experiment measured α = 1.4 ± 0.06 ± 0.04 for the coherently produced J/ψ. This result can be interpreted as due to CT effects at high energies. Nearly complete CT is also observed for quasi-elastic (incoherent) J/ψ production: α incoh = 0.94 ± 0.02 ± 0.03. 
Vector meson production at HERA
The leading twist picture (see Fig. 6 ) of exclusive vector meson production [21] is, in a sense, a mirror image of the di-jet production. The longitudinally polarized virtual photon first transforms to a small transverse size pair, which interacts elastically with a target and next transforms to a vector meson. Hence the process is described by the same equation (2) as for the coherent pion scattering case with a substitution of the plane wavewave function by thewave function of the longitudinally polarized virtual photon. Some of the theoretical predictions of this leading twist picture include fast x-dependence of the process at large Q 2 , consistent with the x-dependence of the gluon distribution in the nucleon G N (x, Q 2 ef f ), and convergence of the t-dependence of the cross section to the universal one at large Q 2 ef f , where it is given by the two-gluon form factor. Exclusive vector meson production was extensively studied at HERA, and the data confirm these predictions [40] , where the convergence of the t-slope of ρ and J/ψ electroproduction at large Q 2 ef f is shown in Fig. 7 . The data also confirm a conclusion of the model studies [19, 39] that in a wide range of virtualities, one needs to take into account a higher twist effect of the finite transverse size of γ * L to explain the absolute cross section and t-dependence of the data. The leading twist dominance of the absolute cross section for all mesons and the t-dependence for light mesons requires very large Q 2 since only in this case one can neglect the transverse size of thepair in γ * L as compared to that in the meson wave function. The same mechanism leads to Q The convergence of the t-slopes of ρ and J/ψ electroproduction (dσ/dt ∝ exp(bt)) at high Q 2 , the data are from [37, 38] . The curves are predictions for the Q 2 dependence of b from Ref. [39] .
"qq dipole"-nucleon interactions for 10 −4 < x < 10 −2 . Color transparency is established for the small dipole interacting with the nuclei at x ∼ 10 −2 . Further studies of high energy CT and onset of color opacity will be performed at the LHC in the ultra-peripheral heavy ion collisions, see [41] for a review. There are also opportunities for probing CT in the processes with hadronic beams in the fixed target experiments with hadron momentum, p h ∼ 100 GeV (see discussion in Section. 5).
3 Color transparency for intermediate energies
Expansion effects
In this section we discuss searches for CT at Jefferson Lab (JLab) [42] and Brookhaven National Lab (BNL) [43] , which correspond to the kinematics where the expansion or contraction of the interacting small size configuration is very important. This is because the essential longitudinal distances are not large enough to justify the use of the frozen approximation. And therefore it leads to strong suppression of the color transparency effect [15, 20, 44] . The maximal longitudinal distance for which coherence effects are still present is determined by the minimal characteristic internal excitation energies of the hadron. Estimates [15, 20, 44] show that for the case of the knock out of a nucleon, the coherence is completely lost at distances l c ∼ 0.4 -0.6 fm × p h , with p h being measured in GeV. To obtain a large CT effect it is necessary that l c exceeds typical mean free path of a nucleon in nucleus -r N N ∼ 2 f m. Using our estimate of l c (Eq. 8) we find that this corresponds to p N ≥ 4 GeV. For the (e, e p) reaction for the scattering off the nucleon with small momentum it corresponds to Q 2 ≥ 2m N E N ∼ 8 GeV 2 . Quark-hadron duality suggests that similar distances are required for a quark to convert to a system of hadrons and start interacting strongly with a nuclear target. Indeed the analysis of the Giessen group [45] suggests that the strength of interaction of the produced system at z < l c , where z is the propagation distance, and the hadron formation time is similar to that for the formation of the hadron from a small color singlet as given by Eq. 9 discussed below 3 . To describe the effect of the loss of coherence, two complementary languages were suggested. In Ref. [15] and based on the quark-gluon representation of the point-like configuration (PLC) 4 of the hadron wave function, the time of decoherence was estimated using energy-time uncertainty relation for a fast nucleon:
where
h is the typical energy non-conservation in the intermediate state.
Hence
and ∆M 2 h ∼ 0.7 GeV 2 based on the additive quark model wave function and ∼ 1 GeV 2 based on the slope of the Regge trajectories. It was argued based on the structure of the light-cone energy denominators that the expansion of the wave packet follows the quantum diffusion pattern such that [15] 
where σ is the hadron-nucleon cross section and σ hard is the transverse area occupied by quarks over which they convert into hadrons. This equation is justified for an early stage of time development in the leading logarithmic approximation when pQCD can be applied. Also, one can expect that Eq. (9) smoothly interpolates between the hard and soft regimes. A sudden change of σ P LC would be inconsistent with the observation of an early (relatively low Q 2 ) Bjorken scaling [20] . Eq.(9) implicitly incorporates the geometric scaling for the PLC-nucleon interactions, which for the discussed energy range includes nonperturbative effects.
The time development of the P LC can also be obtained using a baryonic basis for the PLC wave function:
where |Ψ i are the eigenstates of the Hamiltonian with masses m i , and P is the momentum of the PLC, which satisfies E i m i . As soon as the relative phases of the different hadronic components become large (of the order of one), the coherence is likely to be lost. Hence l c is actually the length at which coherence between the lowest and the first excited state is lost.
Numerical results of the quantum diffusion model [15, 20] and the model based on the expansion over hadronic basis with sufficiently large number of intermediate states [44] are pretty close. However, although both approaches model certain aspects of the dynamics of expansion, a complete treatment of this phenomenon in QCD is so far missing. In particular, the phenomenon of spontaneously broken chiral symmetry may lead to the presence of two scales in the expansion rate, one corresponding to the regime where quarks can be treated as mass-less, and another where virtualities become small enough and quarks acquire effective masses of the order of 300 MeV.
Large angle quasielastic A(p,2p) process
The first attempt to measure the onset of CT at intermediate energies took place at BNL using the large angle A(p, 2p) reaction [48] . In this experiment large angle pp and quasi-elastic (p, 2p) scattering were simultaneously measured in hydrogen and several nuclear targets, at incident proton momenta of 6−12 GeV. The nuclear transparency was measured as the ratio of the quasi-elastic cross section from a nuclear target to the free pp elastic cross section. The transparency was found to increase by more than a factor of 2, consistent with the CT prediction, between 6 − 9.5 GeV but fell significantly between 9.5 and 12 GeV. This experiment was followed by a dedicated experiment EVA [49] , which extended these measurements to 14.4 GeV. Due to the Fermi motion, the invariant energy of pp collision, s pp differs from that for the scattering off hydrogen, therefore an effective incident momentum was introduced and defined as s pp = 2m p m 2 p + p Mardor
1/R(s) The initial rise in transparency between p p = 5.9 and 9.5 GeV is consistent with the selection of a point like configuration and its subsequent contraction (for the initial proton) and expansion for final protons over distances comparable to Eq. 8 with ∆M 2 ∼ 1 GeV 2 . Calculations within the eikonal approximation with proper normalization of the wave function agree well with the p p = 5.9 GeV data. The transparency increases significantly for p p = 9 GeV where l c ∼ 4 fm for the projectile proton. Hence, momenta of the incoming proton ∼ 10 GeV are sufficient to rather significantly suppress expansion effects, which implies that one can use proton projectiles with energies above ∼ 10 GeV to study other aspects of the strong interaction dynamics. At the same time, the reported calculations, using the eikonal approximation, for p p = 11.5 − 14.2 GeV represents a problem for all current models including those which were specifically suggested to explain initial indications of the non-monotonous energy dependence of the transparency.
Two possible explanations have been suggested for the observed drop in transparency for p p ≥ 9 GeV. One suggested that the energy dependence arises from an interference between two distinct amplitudes, that contribute to the pp elastic scattering [51, 52] . One amplitude is a hard amplitude, which should dominate the high energy cross section while the other is an amplitude due to exchange of three gluons in the t-channel -know as the Landshoff mechanism. It is suppressed by the Sudakov form factors at large energies [11] It is assumed in the model that the coherence length is much larger than the estimate above so that the expansion of the small size configurations can be neglected. It is further assumed that the contribution of the long-ranged contribution of the Landshoff mechanism is completely attenuated by the nuclear matter resulting in the interference disappearing for the nuclear cross section and hence the energy dependence of the transparency should be the inverse of R(s), as shown by the curve in Fig 8 . This mechanism is called nuclear filtering. A recent relativistic multiple-scattering Glauber approximation (RMSGA) calculation [53] which includes both CT and nuclear filtering provides an acceptable fit to most of the data points. The second explanation [54] suggests that the energy dependence of the pp elastic scattering cross section scaled by s −10 corresponds to a resonance or a threshold for a new scale of physics, such as charmed quark resonance or other exotic QCD multi-quark states. However, because the drop of the transparency occurs over a large range of s pp : 24 GeV 2 ≤ s pp ≤ 30 GeV 2 , it is too broad for a resonance [54] or for interference of quark exchange and Landshoff mechanisms [51, 52] . In any case the trend, if confirmed by future data at higher energies, would strongly suggest that the leading power quark exchange mechanism of elastic scattering dominates in pp scattering only at very large energies.
There exist an independent evidence for the importance of the quark exchange, which comes from a systematic study of a large variety of reactions for incident momentum between 6 and 9.9 GeV and below [55] . It has found that cross sections of the processes where quark exchanges are allowed are much larger, and the energy dependence is roughly consistent with quark counting rules. Among the biggest puzzles is the ratio of cross sections forpp and pp elastic scattering at θ c.m. = 90
• , which is found to be less than 0.04 at 6 GeV. At face value, it indicates extremely strong suppression of the diagrams with gluon exchanges in t channel, though more systematic and more precise studies are clearly needed.
On the other hand the recent data from JLab studies of the large angle Compton scattering are not described by the minimal Fock space quark counting rule mechanism, while they agree well with predictions based on dominance of the box diagram contribution [13, 56] . This suggests that that even if the quark exchanges dominate at intermediate energies they are obtaining contributions both from short and large distance configurations in nucleons.
Quasielastic Electron Scattering on Nuclei
Compared to hadronic probes, the weaker electromagnetic probe samples the complete nuclear volume. The fundamental electron-proton scattering cross section is smoothly varying and is accurately known over a wide kinematic range and detailed knowledge of the nucleon energy and momentum distribution inside a variety of nuclei have been measured extensively in low energy experiments. Moreover, the energy transfer ω and the momentum transfer q in electron scattering experiments can be varied independently allowing the flexibility to choose kinematics regions that are relatively clean for investigating the onset of CT. The advantages of electro-nuclear reactions was immediately recognized following the BNL (p, 2p) experiments and efforts to measure CT using electron scattering were launched. In these experiments quasi-elastic (Bjorken x ≈ 1) electrons scattering was used to tag the knocked-out proton from a nuclear target.
In quasi-elastic (e, e p) scattering from nuclei, the electron scatters from a single proton, which is moving due to its Fermi momentum [57] . The relatively high-energy resolution of the experiments allows clean detection of quasi-elastically scattered protons over a large kinematic range ensuring exclusivity. Additionally, the (e, e p) reaction under quasi-elastic conditions is relatively less sensitive to the unknown large momentum components of the nuclear wave function [20] . In the plane wave impulse approximation (PWIA) the proton is ejected without final state interactions with the residual (A-1) nucleons. At high momentum transfers, the measured A(e, e p) cross section would be reduced compared to the PWIA prediction in the presence of final state interactions, where the proton can scatter both elastically and inelastically from the surrounding nucleons as it exits the nucleus. The deviations from the simple PWIA expectation is used as a measure of the nuclear transparency. Note that processes where the proton scatters inelastically involve nuclear excitation energies well above the pion mass (typically of the order of ∆ -N mass difference) which are not included in the experimental cross section. In the limit of complete color transparency, the final state interactions would vanish and the nuclear transparency would approach unity. Numerically nuclear transparency can be written as
where the integral is over the phase space V defined by the cuts on missing energy E m (typically < 80 MeV) and missing momentum | p m | (typically < 300 MeV), Y exp (E m , p m ) and Y P W IA (E m , p m ) are the corresponding experimental and PWIA yields. The E m cut prevents inelastic contributions above pion production threshold. In the conventional nuclear physics picture one expects the nuclear transparency to show the same energy dependence as the energy dependence of the N N cross section. Other effects such as short-range correlations and the density dependence of the N N cross section will affect the absolute magnitude of the nuclear transparency but have little influence on the energy (Q 2 ) dependence of the transparency. Thus the onset of CT would manifest as a rise in the nuclear transparency as a function of increasing Q 2 . The (e, e p) reaction is expected to be simpler to understand than the (p, pp) reaction. The two explanations proposed to account for the observed energy dependence of nuclear transparency in (p, pp) reactions, as discussed in the previous section, involve, the oscillatory s-dependence of the pp interaction at high energies [51] or a proton-proton resonance at energies near the threshold for cc production [54] . These effects are obviously not relevant for the (e, e p) reaction at high momentum-transfer as the effective s is always kept equal to m 2 p . One also works at the ejected proton energies where σ tot (pp) is a very weak function of incident energy.
The first electron scattering experiment to look for the onset of CT was the NE-18 A(e,e'p) experiment at SLAC [58] . This experiment yielded distributions in missing energy and momentum completely consistent with conventional nuclear physics and the extracted transparencies exclude sizable CT effects up to Q 2 = 6.8 GeV 2 in contrast to the results from the A(p,2p) experiments [48] . Later experiments with greatly improved statistic and systematic uncertainties compared to the NE-18 experiment [58] , and with increased Q 2 range were carried out at JLab [59, 60] . , and Au (triangles) taken from Ref. [60] . Data from the three JLab experiments [59, 60, 61] are shown as solid points. The previous SLAC data [58] are shown by large open symbols, and the previous Bates data [63] are shown by small open symbols, at the lowest Q 2 on C, Ni, and Ta targets, respectively. The errors shown for the JLab measurement (solid points) include statistic and the point-to-point systematic (2.3%) uncertainties, but do not include model dependent systematic uncertainties on the simulations or normalization-type errors. The net systematic errors, adding point-to-point, normalization-type and model-dependent errors in quadrature, are estimated to be (3.8%), (4.6%), and (6.2%) corresponding to D, C, and Fe, respectively. The error bars for the other data sets include their net systematic and statistical errors. The solid curves shown from 0.5 < Q 2 < 8.5 GeV 2 are Glauber calculations from Ref. [65] . In the case of D, the dashed curve is a Glauber calculation from Ref. [66] .
A compilation of the measured transparency T (Q 2 ) values (defined as ratio of measured to PWIA cross sections) from all electron scattering experiments are presented in Fig. 9 . The errors shown include statistic and systematic uncertainties, but do not include model-dependent systematic uncertainties in the spectral functions and correlation corrections used in the simulations for the JLab results (solid points). Data from all other experiments represented by open symbols include the full uncertainty.
The results show no Q 2 dependence in the nuclear transparency data above Q 2 > 2 GeV 2 . The energy dependence below Q 2 = 2 GeV 2 is consistent with the energy dependence of the p-nucleon cross section. Above Q 2 = 2 GeV 2 , excellent constant-value fits were obtained for the various transparency results. For deuterium, carbon, and iron these constant values were 0.904 (±0.013), 0.570 (±0.008), and 0.403 (±0.008), with χ 2 per degree of freedom of 0.56, 1.29, and 1.17, respectively. In Fig. 9 the measured transparency is compared with the results from correlated Glauber calculations, including rescattering through third order [65] (solid curves for 0.2 < Q 2 < 8.5 GeV 2 . In the case of deuterium the dashed curve shows a generalized eikonal approximation calculation [64] which coincides with a Glauber calculation for small missing momenta [66] . There are a number of Glauber-type transparency calculations for the (e, e p) reaction [67, 68] which give similar results. Although these calculations can describe the Q 2 dependence of the nuclear transparencies, the absolute magnitude of the transparencies are under-predicted for the heavier nuclei. This behavior persists even after the model-dependent systematic uncertainties are accounted for. In Ref. [69] it was suggested to treat absolute magnitude of the transparency relative to the measured value as a normalization factor N (Q 2 ) -which reflects fraction of configurations which are not filtered out -and the strength of the absorption cross section for the interaction of these configurations in nuclei -σ ef f as two independent parameters. The lack of any Q 2 dependence of the A-dependence in the data and its consistency with Glauber model implies that within this approach σ ef f is a constant with a value close to the free N N cross section, implying that there is no squeezing.
All of the results reported by the various (e, e p) experiments were renormalized by a factor of 1.12 for carbon, 1.22 for iron and 1.26 for gold to account for shifts in the strength of the proton spectral function to higher missing energies and missing momentum, due to short range correlations. However, the experiments were performed in the transverse kinematics where the missing momentum (p m ) has a very small longitudinal component and wide range of the nuclear excitation energies. Accordingly, the integral over the phase space volume in Eq. 12, written in terms of the proton momentum k with longitudinal component k 3 and the spectral function, S A (k, E rec ) is proportional to
which is much less sensitive to the high momentum tail of the spectral function due to the short-range correlations than the full integral S A (k, E rec )dE rec d 3 k. As a result the renormalization of the spectral function used in [58, 59, 60] is not justified [62] . Thus we have replotted the transparency after removing these renormalization factors. In Fig. 10 the measured transparency with the renormalization removed is compared with the results from Glauber model calculation [62] . These calculations use the HartreeFock-Skyrme nuclear spectral function. It describes well the absolute value of the (e,e') cross section at x = 1, and Q 2 = 1 ÷ 2 GeV 2 which is proportional to the same integral as in Eq. 13. These calculations are also in agreement with the differential cross sections of (e, e p) scattering measured in Ref. [60] . The dashed curves in the figure are the expectations of the CT model with ∆M 2 = 1 GeV 2 (see Eq. 8) and squeezing starting at Q 2 = 1 GeV
. Note that after removing the renormalization factors, the calculated transparencies no longer under-predict the absolute magnitude of the measured transparencies for heavier nuclei.
In addition to the Q 2 dependence of the nuclear transparencies, the nuclear mass number A dependence of the nuclear transparency was also studied by parametrizing the transparency to the form T = cA α(Q 2 ) . Empirical fits to this form for deuterium, carbon, and iron data are shown in Fig. 11 . Within uncertainties, the constant c is found to be consistent with unity as expected and the constant α to exhibit no Q 2 dependence up to Q 2 = 8.1 GeV 2 with a nearly constant value of α = −0.24 for Q 2 > 2.0 GeV 2 . This is also consistent with conventional nuclear physics calculations using Glauber approximation.
It was suggested in [70] that the effect of CT can be compensated in an intermediate energy range by the effect of suppression of point-like configurations in bound nucleons [20] which maybe responsible for the suppression of nuclear cross sections at large x (the EMC effect). The effect could be as large as 20% for the cross section integrated over all nucleon momenta. However, this effect is proportional to the off-shellness of the nucleons which is much smaller in the transverse kinematics, where x = 1 and so the third component of the struck nucleon momentum is close to zero, and is expected to be ∼ 5 -7%.(see discussion after Eq. 13 ).
The existing world data rule out any onset of CT effects larger than 7% over the Q 2 range of 2.0 − 8.1 GeV 2 (if one neglects the effect of the suppression of the point-like configurations in nuclei), The same data as shown in Fig 9, but with the normalization due to SRC removed. The solid curves shown from 0.5 < Q 2 < 8.5 GeV 2 are Glauber calculations from Ref. [62] .
with a confidence level of at least 90%. The (e, e p) data seem to suggest that a Q 2 of 8 GeV 2 is not large enough to select the small transverse size objects in the hard e − p scattering process.
In order to quantify the constrains on the strength of the interaction of the produced quark-gluon system in the interaction point -σ hard , we consider transparency for the highest Q 2 of the current data as a function of σ hard keeping the expansion rate consistent with the value fitting the EVA BNL data for p N ≤ 10 GeV (∆M 2 = 1 GeV 2 ). The results are shown in Fig. 12 . One can see from the figure that assuming that the increase of the transparency at Q 2 = 8 GeV 2 does not exceed 7% we can exclude σ hard /σ pp below ∼ 0.6 (0.4) if the point-like configuration suppression is neglected (included).
Color transparency in meson production
It is natural to expect that it is easier to reach CT regime for the interaction/production of mesons than for baryons since only two quarks have to come close together and a quark-antiquark pair is more likely to form a small size object [17] . Further, it is important to note that the unambiguous observation of the onset of CT is a critical precondition for the validity of the QCD factorization theorem for exclusive meson production in DIS [22] . This is because where CT applies, the outgoing meson retains a small transverse size (inter-quark distance) while soft interactions like multiple gluon exchange between the meson produced from the hard interaction and the baryon are highly suppressed. QCD factorization is thus rigorously not possible without CT [71] .
As described earlier, the J/ψ coherent and quasielastic photoproduction experiments did find a weak absorption of J/ψ indicating presence of CT. Support for CT was also observed in the coherent diffractive dissociation of 500 GeV negative pions into di-jets. There was also hints for CT in several ρ-meson production experiments [72, 73] , these are discussed in Sec. 3.4.2. However all of these high energy experiments did not have good enough resolution in the missing mass to suppress hadron production in the nucleus vertex, making interpretation of these experiments somewhat ambiguous. Moreover, these high energy experiments do not tell us anything about the onset of CT. A recent high resolution experiment of pion production at JLab has reported evidence for the onset of CT [74] in the process eA → eπ + A * . The chosen kinematics where p π q minimizes contribution of the elastic rescattering. The coherent length defined as the distance between the point where γ * converted to aand the interaction point -l c = 2q 0 /(Q 2 + M 2) is small for the kinematics of [74, 75] and varies weakly with Q 2 . This simplifies interpretation of the Q 2 dependence of the transparency as compared to the case of small x where l in becomes comparable to the nucleus size. The experimental results agree well with predictions of [76] and [77] where CT was calculated based on the quantum diffusion modelEq. (9).
It is worth emphasizing, that in the JLab kinematics one probes large x processes, which are dominated for the pion case (and probably also for the ρ-meson case) in the pQCD limit by the contribution of the Efremov, Radyushkin, Brodsky, Lepage (ERBL) region -knock out ofpair from a nucleon. In this case l in has a different meaning than for small x processes where the DGLAP region dominates (emission of a gluon followed by the absorption of another gluon by the target). It corresponds to the longitudinal distance between the point where γ * knocks out apair from the nucleon and the nucleon center. This distance can be both positive and negative, and hence its variation does not lead to a change of the rate of the absorption of the produced pair by the other nucleons.
Results for the ρ-meson production from JLab also confirm the early onset of CT in mesons [78] . To interpret this experiment one needs to take into account the effect of absorption due to decays of ρ 0 to two pions inside the nucleus, and the elastic rescattering contribution which is more important in this case than in the pion experiment since the data are integrated over a large range of the transverse momenta of the ρ meson [79] . Up to these effects, we expect similar transparency for this reaction and for π-meson production. The pion electroproduction and rho experiments together conclusively demonstrate the onset of CT in the few GeV energy range, these experiments are discussed in Secs. 3.4.1 and 3.4.3.
Photo and Electroproduction of Pions

1) Pion photoproduction
The onset of CT in meson production was first explored in a pion photoproduction experiment at JLab. In this experiment nuclear transparency of the γn → π − p process was measured as a ratio of pion photoproduction cross section from 4 He to 2 H [80] . The 4 He nucleus has several advantages as a choice for the studying the onset of CT. Exact nuclear ground state wave function are available for 4 He [81] , these along with the elementary hadron-nucleon cross-sections can be used to carry out precise calculations of the nuclear transparency [82] . Therefore, precise measurement of nuclear transparency from 4 He nuclei constitutes a benchmark test of traditional nuclear calculations. In addition, light nuclei such as 4 He are predicted to be better for the onset of CT phenomenon because of their relatively small nuclear sizes, which are smaller than the length scales over which the hadrons of reduced transverse size revert back to their equilibrium size [15] .
The nuclear transparency extracted for the 4 He target is shown in Fig. 13 . Two calculations are compared with the measured transparency. One is a Glauber calculation which uses 4 He configurations, which are snapshots of the positions of the nucleons in the nucleus, obtained from the variational wave function of Arriaga et al. [81] . They contain correlations generated by the Argonne v14 and Urbana VIII models of the two-body and three-body nuclear forces respectively. The classical transparency was calculated from these configurations as described in [82] . The second calculation is also a Glauber calculation where the CT effect was included by modifying the hadron-nucleon total cross-section according to the quantum diffusion model [15] . The two calculations were normalized to each other at the lowest energy point. The momentum transfer squared (|t|) dependence is not affected by the systematic uncertainties due to normalization and it is the |t| dependence of the transparency that is of significance for the onset of CT phenomena. The photopion results on 4 He appears to deviate from the • (right), as a function of momentum transfer square |t| [80] . The inner error bars shown are statistical uncertainties only, while the outer error bars are statistical and point-to-point systematic uncertainties (2.7%) added in quadrature. In addition there is a 4% normalization/scale systematic uncertainty which leads to a total systematic uncertainty of 4.8%. traditional nuclear physics calculations at the higher energies. The slopes of the measured transparency obtained from the three points which are above the resonance region (above E γ = 2.25 GeV ) are in good agreement, within experimental uncertainties, with the slopes predicted by the calculations with CT and they seem to deviate from the slopes predicted by the Glauber calculations at the 1σ(2σ) level for θ π CM = 70
• (90 • ). It is interesting that the deviation from Glauber calculations and the onset of scaling behavior in the cross-section for the γn → π − p and the γp → π + n processes [83] are observed at the same photon energies. Hence a change in the nuclear transparency may occur also due to transition from the vector meson dominated regime at small t to the direct photon regime at −t ≥ 1.5 GeV 2 . These data do suggest the onset of behavior predicted for CT, but future experiments with significantly improved statistic and systematic precision are essential to confirm such conclusions. However, no evidence for CT was found when the data are compared to a recent calculation [84] in a relativistic and cross-section factorized framework, where the final state interactions of the ejected nucleon and pion are accounted for within a relativistic extension to the multiple-scattering Glauber approximation. Further progress will depend on the availability of new data.
2) Pion electroproduction
In 2004, the first extensive study of the pion electroproduction on a number of nuclear targets ( 1 H, 2 H, 12 C, 27 Al, 63 Cu and 197 Au) was carried out at JLab, using the high-intensity, and continuous electron beams with energies up to 6 GeV. This experiment (piCT) made it possible for the first time to determine simultaneously the A and Q 2 dependence of the differential pion cross section for Q 2 = 1−5 GeV 2 [74, 75] . In the quasi-free approximation the pion electroproduction on a nucleus can be described as the incident electron exchanging a virtual photon with a proton which is moving inside the nucleus, the struck proton then ejects a positively charged pion and turns into a neutron. The ejected pion may interact with the residual nucleons and the fraction of pions which can escape from the nucleus is the pion nuclear transparency. In the quasi-free picture, the ratio of the longitudinal to transverse cross section from a bound proton inside the nucleus is expected to be the same as that from a free proton, this also provides the means to test the plausibility of the quasi-free approximation. Assuming the dominance of the quasi-free process, one can extract the nuclear transparency of the pions, by taking the ratio of the acceptance corrected cross sections from the nuclear target to those from the proton and/or deuteron. The piCT experiment verified the dominance of the quasi-free process by comparing the ratios of the longitudinal to transverse cross sections from nuclear targets with those obtained from a nucleon target. Within experimental uncertainties, the σ L /σ T ratios were found to be independent of A [75] . This can be viewed as a confirmation of the quasi-free reaction mechanism. However, they cannot rule out non-quasi-free reaction mechanisms that affect the longitudinal and transverse character of pion electroproduction in a similar fashion. The experiment was intentionally restricted to −t ≤ 0.5 GeV 2 in order to minimize contributions from rescattering or multi-nucleon effects. Also, only pions emitted along the q direction were detected which practically eliminated contribution of the processes where the pion elastically rescattered in the final state.
In Ref.
[74] the pion nuclear transparency was calculated as the ratio of pion electroproduction cross sections from the nuclear target to those from the proton. However, in order to reduce the uncertainty due the unknown elementary pion electroproduction off a neutron and uncertainties in the Fermi smearing corrections, the pion nuclear transparency was redefined in Ref. [75] as the ratio of pion electroproduction cross sections from the nuclear target to those from the deuteron. Since the deuterium nuclear transparency is found to be independent of P π (or Q 2 ) with 81% probability, both methods yielded almost identical Q 2 dependence of nuclear transparencies. The extracted transparency as a function of the pion momentum Q 2 for all targets is shown in Fig. 14. The measured pion nuclear transparencies are compared to three different calculations. The calculations of Larson, et al. [76] , use a semi-classical formula based on the eikonal approximation and a parametrization of the effects of final state interactions (FSI) in terms of an effective interaction. The effective interaction is based on the quantum diffusion model [15] , where the interaction of the small transverse size object PLC is approximately proportional to the propagation distance z for z < l c . In the limit of the coherence length l c = 0, a PLC is not created and the effective interaction reduces to a Glauber-type calculation with σ ef f ≈ σ πN (P π ). Cosyn et al. use a relativistic multiple-scattering Glauber approximation (RMSGA) integrated over the kinematic range of the experiment and compare it to a relativistic plane wave impulse approximation (RPWIA) to calculate the nuclear transparency [77] . In RMSGA, the wave function of the spectator nucleon and the outgoing pion is taken to be a convolution of a relativistic plane wave and a Glauber-type eikonal phase operator that parametrizes the effects of FSI. CT was incorporated by replacing the total cross section with an effective one based on the quantum diffusion model [15] , similar to the effective interaction parameter of Larson, et al. [76] . Finally, Kaskulov, et al. [85, 86] use a model built around a microscopic description [87] of the elementary [76] , with and without CT, respectively. Similarly, the dotshort dash and dot-long dash lines (blue) are Glauber calculations with and without CT from Cosyn, et al. [77] . The dotted and dot-dot-dashed lines (green) are microscopic+ BUU transport calculations from Kaskulov et al. [85] , with and without CT, respectively. 1 H(e, e π + )n process, which is divided into a soft hadronic part and a hard partonic or deep inelastic scattering production part. For the reaction on nuclei, the elementary interaction is kept the same and nuclear effects such as Fermi motion, Pauli blocking and nuclear shadowing, are incorporated. Finally, all produced pre-hadrons and hadrons are propagated through the nuclear medium according to the Boltzmann-Uehling-Uhlenbeck (BUU) transport equation [88] . The nuclear transparency is calculated as the ratio of the differential cross section calculated in this model, with and without FSI. The time development of the interactions of the pre-hadron is determined by the quantum diffusion model [15] . The production time and the formation time are taken from a Monte Carlo calculation based on the Lund fragmentation model [89] as described in Ref. [90] which leads to similar parameters for expansion as the quantum diffusion model. Only the DIS part of the cross section is effected by the pre-hadronic interaction and thus in this model only the DIS events are responsible for the CT effect.
In the conventional nuclear physics picture the pion nuclear transparency is expected to be nearly constant over the pion momentum range of the experiment, because the hadron-nucleon cross sections are nearly independent of momentum over this range of momenta. Instead, the observed pion nuclear transparency results (as compared both to hydrogen and deuterium cross sections) show a steady rise versus pion momentum for the nuclear (A > 2) targets, causing a deviation from calculations which do not include CT. [76] , and the Glauber + CT (including short-range correlation effects) calculations of Ref. [84] , respectively. The red squares show the α values extracted at the low kinematics.
Q
2 dependence of the data. However, it is more important to note that the rise in transparency in all the calculations that include CT are consistent with the measured rise in nuclear transparency versus Q 2 , even though the underlying cause for the rise in nuclear transparency is different for the different model calculations.
The nuclear mass number A dependence of the nuclear transparency gives further insight on the proper interpretation of the data in terms of an onset of CT. The entire nuclear transparency data set was examined using a single parameter fit to T = A α(Q 2 )−1 , where A is the nuclear mass number and α(Q 2 ) is the free parameter. Even though this single-parameter fit is simplistic and neglects local A-dependent shell or density effects, it does not affect the final conclusion that the A-dependence changes with Q 2 . Thus, even though the exact value of α may come with a variety of nuclear physics uncertainties, a significant empirical Q 2 dependence is observed from the data. In Fig. 15 , we compare α as function of Q 2 , extracted from the single parameter form T = A α(Q 2 )−1 , along with the calculations including CT effects of Larson, et al. [76] and Cosyn, et al. [84] . The results of the pion electroproduction experiment demonstrate that both the energy and A dependence of the nuclear transparency show a significant deviation from the expectations of conventional nuclear physics and are consistent with calculations that include CT. The results can be seen as a clear indication of the onset of CT for pions.
Early ρ 0 Meson Electroproduction Experiments
Electroproduction of vector mesons from nuclei is an excellent tool to investigate the formation and propagation of quark-antiquark (qq) pairs under well-controlled kinematical conditions. This is due to [103] and muon (open circle) [104] beams. The dashed curves are the calculation of Hüfner et al. [101] within the eikonal approximation [93] .
the hadronicstructure of high-energy photons [93, 94, 95, 96, 97, 98] arising from the virtual photon fluctuations to short-lived quark-antiquark states. Thesestates of mass Mcan propagate over a distance l f r -photon coherence length -without expansion (the frozen approximation) 5 . It is given by the energy denominator for the γ * →transition
where −Q 2 and ν are the squared mass and energy of the photon in the lab frame (for reviews and references see e.g [93, 99] ). In Eq.14 at the last step we wrote answer in the Bjorken limit and took into account that in the leading twist approximation for the vector meson production Q 2 M 2m 2 V . In exclusive diffractive production of the ρ 0 meson, which has the same quantum numbers as the virtual photon, apair is scattered onto the physical ρ 0 mass shell by a diffractive interaction with the target [21, 100, 101] . The HERMES collaboration at DESY [102] used exclusive incoherent electroproduction off 1 H and 14 N to study the interaction of thefluctuation with the nuclear medium by measuring the nuclear transparencies of 14 N relative to 1 H as a function of the photon coherence length l f r . The data were integrated over the excitation energy ∆E ≤ 0.6 GeV so production of ∆-isobar was allowed. Figure 16 shows that the nuclear transparency for 14 N is decreasing as the photon coherence length increases. This decrease, known as the coherence length effect, is consistent with the onset of hadronic initial state interactions where thepair interacts with the nuclear medium like a ρ 0 meson. When the photon coherence length l f r is smaller than the mean free path of the ρ 0 meson in the nuclear medium, it is expected that virtual photon converts into apair very close to the interaction point r so no absorption occurs before this point. Thus in this limit the nuclear transparency is independent of l f r . The probability of thepair to interact with the nuclear medium increases with l f r until l f r exceeds the nuclear size [101] . The dashed curve in Fig. 16 shows a theoretical prediction [101] calculated within the vector meson dominance model in the eikonal approximation [93] neglecting non-diagonal transitions (ρ → ρ , ...). Its agreement with data suggests that the production process is dominated, given the relatively low Q 2 involved, by hadronic fluctuations which interact about as strongly as the produced ρ 0 meson.
The HERMES measurements have important implications for the study of color transparency using ρ 0 meson electroproduction, where the CT signal would be the increase of the nuclear transparency with Q 2 , which controls the initial size of the ρ 0 meson. These results demonstrate that the increase of the nuclear transparency when l f r decreases (Q 2 increases) can mimic the CT effects. Therefore, to unambiguously identify the CT signal, one should keep l f r fixed while measuring the Q 2 dependence of the nuclear transparency, or perform the measurements in the regions where no l f r dependence is expected. When CT effects are present, a photon of high virtuality Q 2 is expected to produce aFigure 17 : The Q 2 dependence of the nuclear transparency for incoherent exclusive ρ 0 virtual photoproduction. The data are from NMC [105] (full symbols) and from E665 [104] (open symbols). pair with small transverse separation which in the case of the longitudinally polarized photons will have reduced interaction in the nuclear medium. The dynamical evolution of this small size colorlesspair to a normal size ρ 0 is controlled by the time scale called coherence time t c . It corresponds to the coherence length l c = t c given by Eq. 8 which in this case reads as
where m v is the mass of the ρ 0 in the ground state and m v is the typical mass for the lowest ρ-meson excited states: 1.2 − 1.5 GeV. The first measurements to study CT effects using incoherent diffractive ρ 0 leptoproduction off nuclei were performed at Fermilab by the E665 collaboration [104] and CERN by the NMC collaboration [105] . Both experiments used muon beams with 450 GeV and 200 GeV energy, respectively. At these high energies, l c becomes larger than the nuclear diameter while l f r is comparable to the nuclear radius. Therefore coherence length effects are not expected to play a major role in the CT signal because the fluctuations of the transverse size of thepair are mostly "frozen" during the propagation. The two measurements are consistent with each other as shown in Fig 17. While the NMC experiment reaches Q 2 values close to 10 GeV 2 , the measured nuclear transparency shows no Q 2 dependence. The E665 experiment measures an increase of the nuclear transparency with Q 2 . This increase, however, is only suggestive of CT effects because of the limited statistical precision and need to subtract a substantial inelastic DIS contribution which was done using a Lund model based Monte Carlo. In addition, E665 performed Q 2 -dependent fits to the exclusive ρ 0 incoherent production cross section, σ A , from hydrogen, deuterium, carbon, calcium and lead by a power law σ A = σ 0 A α in which σ 0 and α are parameters. At low Q 2 , the value of α measured is compatible with 2/3, a value characteristic of soft nuclear interactions. The observed increase with Q 2 shown in Fig. 18 can only be indicative of CT effects due to the large statistical uncertainty associated with the highest Q 2 measurement. The HERMES collaboration realized early on that in order to study CT Figure 18 : The parameter α as a function of Q 2 for exclusive incoherent ρ-meson production. α = 1 corresponds to complete transparency. The errors shown in this plot are statistical only [104] .
effects through exclusive diffractive electroproduction of ρ 0 mesons, one needs to carefully disentangle coherence (shadowing) and formation (absorption) length effects. In addition to their measurements of the nuclear transparency as a function of the photon coherence length l f r (it was defined using Eq. 14 with M 2= m 2 ρ ) for incoherent electroproduction of ρ 0 mesons off a nucleon in a nucleus, they did similar measurements for coherent ρ 0 production on a nucleus as a whole [106] . The nuclear transparency for coherent production was found to increase with the photon coherence length, as expected from the effects of the nuclear form factor [107] . Later, the nuclear transparencies for coherent and incoherent ρ 0 production off 1 H and 14 N targets were used to study CT effects. And since these measurements strongly depend on l c because they are in the region where l f r is comparable to the nuclear radius, one has to study the Q 2 dependence of the nuclear transparency while keeping l f r fixed [106] . The HERMES experiment used 27.5 GeV positron beam off hydrogen and nitrogen targets. The scattered electron and two oppositely charged pions were required for the ρ 0 events. In addition, a cut on the two pions invariant mass (0.6 < M π + π − < 1 GeV was applied to identify the ρ 0 meson and an exclusivity cut to the missing energy was used to favor the exclusive production. The t = t − t min distributions were measured and the change in the slopes was a good indication to the transition from coherent to incoherent production. Cuts on |t | < 0.045 GeV 2 for nitrogen and |t | < 0.4 GeV 2 for hydrogen were used to identify coherent ρ 0 production, while for incoherent production, the 0.09 < |t | < 0.4 GeV 2 cut was used for both targets. The nuclear transparencies were extracted in each (l f r , Q 2 ) bin, and are shown in Fig. 19 . Due to the low statistics, the data have been fitted with a common Q 2 -slope (P 1 ), which has been extracted assuming
2 )/Aσ p = P 0 + P 1 · Q 2 , letting P 0 vary independently in each l f r bin and keeping P 1 as common free parameter. The results are displayed as the lines in Fig. 19 . [107] 6 . These calculations are based on quantum mechanical description of the small sizepair using the light-cone Green function formalism, which incorporate the effects of both coherence length and CT. These slopes were found to be positive and as such consistent with CT effects, however, the statistical significance of these results remains limited. Figure 19 : Nuclear transparency as a function of Q 2 in specific coherence length bins l f r (as indicated in each panel) for coherent (left) and incoherent (right) ρ 0 production on nitrogen [106] . The straight line is the result of the common fit of the Q 2 -dependence. The error bars include only statistical uncertainties.
Recent ρ 0 Meson Electroproduction Experiment
Recently, CLAS collaboration measured the nuclear transparency for incoherent exclusive ρ 0 electroproduction off carbon and iron relative to deuterium [78] using a 5 GeV electron beam. Both the deuterium target and the solid target (carbon, iron) were exposed to the beam simultaneously to reduce systematic uncertainties in the nuclear ratio and allow high precision measurements. The ρ 0 mesons were identified through the reconstructed invariant mass of the two detected pions with 0.6 < M π + π − < 1 GeV. To identify exclusive diffractive and incoherent ρ 0 events, a set of kinematic conditions had to be satisfied. The following cuts were applied: W > 2 GeV to suppress pions from decay of resonances, −t < 0.4 GeV 2 to select diffractive events, −t > 0.1 GeV 2 to exclude coherent production off the nucleus and z ρ = E ρ /ν > 0.9, where E ρ is the energy of the ρ 0 , to select elastically produced ρ 0 mesons. The t distributions for exclusive events were fit with an exponential form Ae −bt . The slope parameters b for 2 H (3.59 ± 0.5), C (3.67 ± 0.8) and Fe (3.72 ± 0.6) were reasonably consistent with CLAS [108] hydrogen measurements of 2.63 ± 0.44 taken with 5.75 GeV beam energy. The transparencies for C and Fe are shown as a function of l f r in Fig. 20 . As expected, they do not exhibit any l f r dependence because l f r is much shorter than the C and Fe nuclear radii of 2.7 and 4.6 fm respectively. Consequently, the photon coherence length effect cannot mimic the CT signal in this experiment. Fig. 21 shows the increase of the transparency with Q 2 for both C and Fe, indicating the onset of CT phenomenon 7 . Note that in the absence of CT effects, hadronic Glauber calculations would predict practically no Q 2 dependence of the nuclear transparency T A since any Q 2 dependence in the ρ 0 production cross section would cancel in the ratio and the ρ − N cross section is practically constant in the discussed energy range. The rise in transparency with Q 2 corresponds to an (11 ± 2. The extracted slopes "a" for C and Fe are compared to the model predictions in Table 1 . The results for Fe are in good agreement with both Kopeliovich-Nemchik-Schmidt (KNS) [109] and GallmeisterKaskulov-Mosel (GKM) [110] predictions, but somewhat larger than the Frankfurt-Miller-Strikman (FMS) [111] calculations. All models yield an approximately linear Q 2 dependence as shown in Fig. 21 . The measured slope for carbon corresponds to a drop in the absorption of the ρ 0 from 37% at Q 2 = 1 GeV 2 to 32% at Q 2 = 2.2 GeV 2 , in reasonable agreement with the calculations. The measured slopes both in CLAS and HERMES are fairly well described by the KNS model discussed in the section 3.4.2. Within the statistical precision the FMS model is quite successful in reproducing both the slopes and the magnitude of the nuclear transparencies, while taking into account both CT effect and the ρ 0 7 The calculations are different from those published in [78] because the authors have corrected a bug in their code for Carbon decaying inside the nucleus and the subsequent pion absorption effect. The same model is successful in reproducing the JLab pion electroproduction data discussed in section 3.4.1. Last, the GKM model is based on BUU transport formalism discussed in section 3.4.1. The model includes CT effects for ρ 0 produced in deep inelastic scattering and seems to produce quite well the carbon data, while it completely fails reproducing iron data. The onset of CT in ρ 0 electroproduction seems to occur at lower Q 2 than in the pion measurements. This early onset suggests that diffractive meson production might be the optimal way to create small sizepair. The Q 2 dependence of the transparency ratio is mainly sensitive to the reduced interaction of thepair as it evolves into a full-sized hadron, and thus depends strongly on the ρ meson formation time (l c ) during which the small size configuration's color fields expand to form a ρ 0 meson. The formation time used by the FMS and GKM models is given by Eq.8 and changes between 1.1 and 2.4 fm for ρ 0 mesons produced with momenta from 2 to 4.3 GeV while the KNS model uses an expansion length roughly a factor of two smaller. The agreement between the observed Q 2 dependence and these models suggests that these assumed expansion distances are reasonable. Having established these features, detailed studies of the theoretical models will allow the first quantitative evaluation of the structure and evolution properties of the small size configurations. Such studies will be further enhanced by future measurements [112] , which will include additional nuclei and extend to higher Q 2 values. Table 1 : Fitted slope parameters of the Q 2 -dependence of the nuclear transparency for carbon and iron nuclei. The results are compared with theoretical predictions of KNS [109] , GKM [110] and FMS [111] .
Measured slopes
Model Predictions Nucleus GeV There are already approved plans for extending CT studies of the A(e, e p), A(e, e π) and A(e, e ρ 0 ) reactions to much higher energies following the upgrade of JLab to 12 GeV. This will finally allow to reach kinematics where l f r is larger than the interaction length for a nucleon/pion in the nuclear media. The extension of the A(e, e p) experiment will double the Q 2 range covered from the current Q 2 = 8.0 GeV 2 to Q 2 = 16.0 GeV 2 . At these higher Q 2 values CT predictions diverge appreciably from the predictions of conventional calculations (see Fig. 22 ). As mentioned earlier the BNL A(p, 2p) data seem to establish a definite increase in nuclear transparency for nucleon momenta between about 6 and 10 GeV. For A(e, e p) measurements comparable momenta of the ejected nucleon correspond to about 10 < Q 2 < 17 GeV 2 , exactly the range of the proposed extension. Hence, this would unambiguously answer the question whether one has entered the CT region for nucleons, and help establish the threshold for the onset of CT phenomena in three-quark hadrons. Moreover, observation of CT or lack of CT would help pick out the right explanation for the energy dependence observed in nuclear transparency from A(p, 2p) experiments at BNL. Fig 22 shows the projected results for the extension of the A(e, e p) experiment at the upgraded JLab. The extension of the A(e, e π) experiment will also double the Q The inner error bars are statistic uncertainties and the outer ones are statistic and point-to-point (Q 2 dependent) systematic uncertainties added in quadrature [78] . The curves are predictions of the FMS [111] (red) and GKM [110] (green) models with (dashed-dotted and dashed curves, respectively) and without (dotted and solid curves, respectively) CT. Both models include the pion absorption effect when the ρ 0 meson decays inside the nucleus.
which is in agreement with the observation of nearly full CT in the Fermilab experiment mentioned above. Using the data collected at 6 GeV as a baseline, the new data could help confirm the CT phenomena in mesons and put it on a firm footing. The projected results for the extension of the A(e, e π) experiment at the upgraded JLab is shown in Fig 23. The JLab 12 GeV A(e, e ρ 0 ) experiment [112] will extend the maximum Q 2 reach from 2.2 to 5.5 GeV 2 , which will allow for significant increase in the momentum and energy transfer involved in the reaction. Therefore, one expects to produce smaller configurations that live longer: the optimum parameters for CT studies. Several nuclei including deuterium, carbon, iron and tin will be studied. Measurements with different nuclei sizes are important for quantitative understanding of the small size configuration's formation time and its interaction in the nuclear medium. The dependence of the nuclear transparency on the coherence length will be measured for l f r range up to 2.5 fm. The measurements will be performed for fixed coherence length. Fig. 24 shows the projected statistical uncertainties for iron with predictions from the FMS model [111] .
A complementary strategy is to use processes where multiple rescatterings dominate in light nuclei ( 2 H, 3 He) which allows to suppress the expansion effects. An additional advantage of these processes is that one can use for the calculations generalized eikonal approximation (GEA), see review in [116] . The recent measurements of the deuteron break up [117] at Q 2 = 3.5 GeV 2 show a good agreement with the GEA prediction including the rescattering kinematics which is most sensitive to the CT effects. In particular, these reactions are well suited to search for a precursor of CT -suppression of the configurations in nucleons with pion cloud in the hard processes like the nucleon form factors at relatively small Q 2 ≥ 1 GeV 2 -chiral transparency [118] . The simplest reaction of this kind is production of a slow ∆ isobar in the process e 2 + H → e+p+∆ 0 which should be suppressed in the Fig. 9 . The error bars represent the quadrature sum of the statistical and the a 5% systematic uncertainty. The solid line (red) is the prediction of the Glauber approximation [65] . Also shown are the predictions of several CT calculations, dashed blue lines are for CT added to a Glauber calculation [91] for three different set of parameters and solid blue is for CT added to a relativistic Glauber calculation. [84] . chiral transparency regime. Another option to test chiral dynamics would be the study of quasielastic production of N π system with mass close to the threshold. The use of the large Q 2 soft pion theorem suggests [119] that at large Q 2 the process is dominated by the transition of 3q system into a N π system. Hence the strength of absorption in this case for the scattering off nuclei with A ≤ 12 when the coherence length is comparable to R A should be the same as in the case of nucleon production, while naively the absorption rate should be much larger as it would correspond to the sum of the πN and N N cross sections.
Two other examples are (i) large angle γ + N → "meson" + N reaction in nuclei where one should first look for a change of A-dependence from ∝ A 1/3 to ∝ A 2/3 already in the region where expansion effects are large due to transition from the vector dominance regime to the regime of point-like photon interaction in which the photon penetrates to any point in the nucleus, (ii) A-dependence of virtual Compton scattering, namely at what Q 2 transition from vector dominance regime to the CT regime occurs. HERMES data [120] are consistent with predictions of [121] for the incoherent channel based on the CT and the closure approximation and for the A-dependence of the coherent cross section for A ≥ 4, but not for the 4 He/p ratio. Note however that the subtraction of incoherent contribution differs significantly for proton and heavier targets. 5 Directions for the study of color transparency with hadron beams
In addition to the electroproduction and photoproduction programs at JLab, it is very important to have a parallel program of studies with hadron beams. Such a program in principle would be possible both at the Japan Proton Accelerator Research Complex (J-PARC) [122] and at the Facility for Antiproton and Ion Research (FAIR) [123] . In the case of FAIR, the configuration of the PANDA experiment appears to be especially promising.
Study of the two body, large angle processes with nucleon targets
Understanding the large angle exclusive processes remains one of the challenges for pQCD. The PANDA experiment at FAIR, which will use antiproton beams on internal targets, will have excellent acceptance for numerous large angle processes, ranging from the simplest processes of pp → pp, ππ, KK to the processes of production of multi-particle states such as baryon -antibaryon states (Σ +Σ− , ...) and meson pairs (π − ρ + , ...). As a result it will be able to study many di-meson and baryon -antibaryon states over a much larger range of energies and channels than covered by previous measurements [55] (pp = 6 & 9.9 GeV). Such experiments will allow verification of the observations of Ref. [55] , that cross sections for the processes where quark exchanges are allowed are much larger than those where such exchanges are not allowed. It will also provide confirmation of whether the ratio ofpp and pp elastic scattering continues to fall with increasing momenta for momenta > 6 GeV or if it becomes momentum independent. A flatpp and pp ratio would indicate that the diagrams with gluon exchanges also satisfy dimensional counting rules.
Another puzzle to address is the oscillation of the differential cross section of the elastic pp scattering at large angles around a smooth quark counting inspired parametrization. Are these oscillations present in pp scattering away from θ c.m. = 90
• ? Are they present in any of the pp channels? Other channels, such as those involving production of ∆-isobars, non-resonant πN production, etc are practically unknown. Another gap in the knowledge is pn scattering which could be studied using the 2 H targets. There is a suggestion that the measurement of the pn/pp ratio may provide an insight on the SU(6) structure of the nucleon wave function at large x [124] . Overall, comparing all these channels in pN andpN scattering may lead to a breakthrough in the understanding of hard two body reactions.
Basic reactions with nuclear targets
The use of nuclear targets allows experimental confirmation whether basic two body a + N → c + d reactions are dominated by small interquark distances. Presence of CT in the pion electroproduction and the change in the transparency of pA → pp(A − 1) process for p N ≥ 8 GeV [49] indicate that experiments with antiprotons of energies above 6 − 8 GeV where a pair of pions is produced in the final state will be able to verify whether the annihilation process is dominated by the contribution from small size configurations, by measuring the transparency ratio;
). An increase of T with energy will signal onset of the CT regime. The JLab results on the pion dynamics (both current and from the upgraded JLab which will be available about the same time as the completion of FAIR) will allow an unambiguous interpretation of the data. Since the elementary cross section drops very rapidly with increase of energy for a fixed value of θ c.m. one would have to switch from the study of transparency at fixed θ c.m. ∼ 90 o to study of transparency at large but fixed t. In this case one expects an increase of the transparency with increase of the incident energy due to a gradual freezing of the wave function of the projectile and the faster of two final particles, for example in Ref. [126, 127] where both p, 2p and π, πN were considered at high energy kinematics.
Rescattering kinematics
Another method to study CT phenomenon in detail is the use of the rescattering patterns in exclusive reactions. For example, p(p) + 2 H → p(p) p + n, where the neutron is slow [125] . This reaction can be separated from background processes without a need to detect the neutron, provided a ∼ 1% momentum resolution for the fast particles is achieved and a veto for the pion production is implemented. Advantage of this reaction is that one can study the patterns of the rescattering in detail, with characteristic distances between the centers of about 1 fm, where expansion effects are strongly suppressed. Similarly one can use scattering from a 3 He target in the rescattering kinematics -h + 3 He → h + p + 2 H.
Testing chiral dynamics effects
As we discussed in Section 4, studies [119] suggest that one can use soft pion theorems in the hard processes to explore the dynamics of the baryon production by virtual photons in the process γ * N → N π with M πN − M π − M N ≤ 100 MeV, leading to the expectation of larger nuclear transparency than in a naive model where N and π propagate incoherently. Similar approach is possible in the case of hadronic processes. One can explore large angle reactions likē p(p)A → N π(pπ) + p + (A − 1), (16) in the kinematics where invariant mass of N π is close to the threshold. If the process proceeds through the three quark stage with subsequent transition 3q → N π, nuclear transparency will be the same as in the process without pion emission, though if there is no chiral stage, the absorption will be much larger. Another method to probe the presence of the pion cloud close to the interaction point is to look for the charge exchange processes like production of slow ∆ in the process p + 2 H → pp + ∆ 0 [118] .
Probing properties of hadron containing charm quark inpA collisions
Charmonium states can be produced in the nuclear media in the same resonance reactions as the ones which are studied with a 2 H target:pp → J/ψ, χ c , .... A possibility to use these processes for studies of CT was first suggested in Ref. [128] . A subsequent detailed analysis of the effects of CT and Fermi motion was performed in Ref. [129] . It was found that CT effects due to squeezing of the incoming antiproton are small since the incident energy is small, leading to a short coherence length forp and the produced charmonium. The effect of the Fermi motion is large but calculable with sufficient precision. What is unique about these reaction is that at these energies charmonium is formed very close to the interaction point ≤ 1 fm. Hence they allow verification of the main premise of CT, that small objects interact with nucleons with small cross sections. The ability to select states of varying size: J/ψ, χ c , ψ will allow studies of how the strength of the interaction depends on the transverse size of the system up to the sizes comparable to the pion size. The filtering ofcc configurations of smaller transverse size leads to the A-dependent polarization of the χ states [130] . Study of this phenomenon is also important for understanding the dynamics of charmonium production in heavy ion collisions.
There are several other channels sensitive to the dynamics of charm interaction. Near the peak of resonance production of J/ψ one can look for production of D,D, Λ c , ψ resulting from the interactions of the J/ψ with the nucleons of the target nucleus [131] . Similar measurements are possible near the ψ resonance. One can use excitation of the charmonium resonances above theDD threshold and look for softening of the D-meson spectrum with A which is a measure of the D − N interaction. Such a measurement would be hardly possible in any other processes.
Opportunities with COMPASS
We have argued above that in the investigation of the s, t range, in which the interaction of small size configuration dominates the cross section of the large angle 2 → 2 processes, the use of CT is hampered by the presence of the rather fast space-time evolution of the wave packages of the colliding hadrons. Even if the cross section of, for example πN , scattering is dominated by the contribution of point-like configurations at s = 9 GeV 2 , and θ c.m. = 90
• , it would be impossible to observe a strong CT effect in the (π, πN ) reaction since the coherence length will be too small.
A solution to this conundrum was proposed in Ref. [132] . The idea is to use 2 → 3 processes [133] where a high energy hadron "b" collides with the target "a" (nucleon) producing a recoil particle "e" and two leading hadrons "c" and "d" with
If the subprocess producing "c + d" system is hard, the exchange in the t-channel is by eitherpair -for a reaction like π − p → π − π + n, π − p → π − π − ∆ ++ or by three quarks (p + p → p + π + n), see for example Fig. 25 , and the vertex for the emission of qq(3q) is given by the corresponding generalized parton distribution (GPD). One also expects that a factorization theorem similar to the case of exclusive meson production in DIS is valid [133] for these processes. Since s ef f is small we can consider the limit Figure 25 : Diagrams for the 2 → 3 processes withand 3q exchange in t-channel.
when the longitudinal components of the momenta of both fast hadrons "c" and "d" are comparable and ∼ p a /2. In this limit l c can be chosen to be R A so the projectile and constituents forming "c" and "d" are frozen during the propagation through the nucleus.
Let us consider for simplicity the process π − A → π − π − A * for p π ∼ 200 GeV (data on production of the leading hadrons in π − A scattering were collected by COMPASS which so far focused on the study of the diffractive channel). Note that due to the color transparency effect, it is sufficient for the excitation energy of the recoil system to be below ∼ 1 GeV, which is quite feasible with the available energy resolution of COMPASS. One finds that the transparency in the discussed kinematics has indeed a minor sensitivity to the expansion effects and high sensitivity to the strength of the interaction of thesystem in the interaction point, σ hard . One can see from Fig. 26 that even reduction of the strength of the interaction by a factor of two would very strongly change the nuclear transparency. It would be interesting to investigate the transparency as a function of the transverse momentum of pions (remember that in the case of pion dissociation into two jets CT was observed already at p t ∼ 1.5 GeV). If the CT effect is observed one would be able to investigate the space time evolution of the high energy wave packages by changing the initial pion momentum and keeping s ef f and t ef f the same, for example, see Fig. 27 [132] . Also it would open a new way for measuring non-vacuum exchange GPDs of nucleons and will allow for the first time the measurement of GPDs of other t-channel hadrons. It will also allow investigation of the large angle meson -meson scattering. 
Opportunities with heavy ion collisions at the LHC
Heavy ion collisions at the LHC provide a unique opportunity to study CT in the coherent and quasielastic photoproduction of J/ψ and Υ via selection of the so called ultraperipheral processes in which one of the nuclei serves as a source of quasireal photons, for the review see [134] . This would allow to extent substantially the range of the invariant energies as compared to the ones studied at FNAL. At these energies one expects to observe the transition from the regime of the nearly complete nuclear transparency to the regime of a weaker nuclear dependence. In such a regime a transition is expected both in the leading twist approximation (the leading twist nuclear shadowing) and in the models where interaction of small dipoles starts to approach black disk regime at small impact parameters at very high energies. Further studies along these lines would be possible at an electron -ion collider as well.
Conclusions
To summarize, the high energy CT is well established and will be further studied at various future facilities. There is evidence for the onset of CT regime in exclusive meson production at JLab at Q 2 of few GeV 2 . It is likely that JLab experiments at 12 GeV will observe significant CT effects for the processes with meson production and will provide a decisive test of whether nucleon form factors at Q 2 ∼ 15 GeV 2 are dominated by PLC or mean field configurations. CT will also help establish the interplay between soft and hard physics for many other exclusive large momentum transfer processes at JLab, EIC, LHC as well as at hadronic factories J-PARC, FAIR and in the fixed target experiments at CERN (COMPASS). The pion momentum (p π ) dependence of the nuclear transparency [132] .
